Abstract A new algorithm has been developed in this study that can automatically determine regional moment tensor (MT) and its centroid depth with real-time waveforms; it can do this within 2-4 min of an earthquake notice issued by the Central Weather Bureau (CWB). The program selects 3-7 BATS (Broadband Array in Taiwan for Seismology) stations based on three different strategies: best azimuthal distribution, highest signal-to-noise ratio, and shortest distances. The program then inverts MT solutions in parallel with various settings that include Moho depth of velocity models, frequency bands, and isotropic constraints. The optimal solution is determined via a search for the best waveform fit with an acceptable non-double-couple component that comes from the results of combinations of these inversion settings. Our new rapid MT report system greatly reduces the need for computational resources and avoids human judgments. By applying this full-scanning approach on BATS (named AutoBATS), we redetermine the MTs for over 3000 regional earthquakes that took place between 1996 and 2016, the goal being to provide the most up-to-date possible MT catalog for the Taiwan area. Overall, the AutoBATS MTs are consistent with the Global Centroid Moment Tensors, with a mean difference in the Kagan angle of 22:0° 16:6°a nd M w of −0:08 0:10. Those focal mechanisms better illuminate the tectonic structures, which is a result of the significantly improved resolving ability for shallow (< 10 km) and deep (> 140 km) earthquakes. With the new regional MT catalog, we refine the relationship between moment and local magnitudes: M w 0:87M L 0:23 for the Taiwan region.
Introduction
Timely determination of source parameters for large regional earthquakes is crucial for government agencies to be able to properly and quickly respond to cases of serious seismic hazards. Reliable estimates of the seismic moment and focal mechanism are particularly important because these two parameters are directly related to the extent and severity of the seismic damage caused by the earthquakes. For long-term evaluation of the seismic hazard of seismically active regions, a robust regional moment tensor (MT) catalog is the most fundamental information for the conduction of advanced studies in areas such as regional tectonics, strain-stress monitoring of the lithosphere, and strong-motion simulation for hazard evaluations.
For moderate-to-large earthquakes with M w above ∼5:5 worldwide, MT solutions are available freely from multiple agencies/organizations, including the Global Centroid Moment Tensor (CMT) project (Ekström et al., 2012) , the U.S. Geological Survey (USGS; Sipkin, 1986) , GEOFON (Bormann, 2012) , and GEOSCOPE (Vallée et al., 2011) . In theory, both the CMT and point-source parameters (centroid position and origin time) are determined by inverting very long-period seismic waveforms recorded at teleseismic distances (Dziewonski et al., 1981) . Over the past two decades, regional MT inversion has also become a routine process to release MT or CMT local catalogs for small-to-moderate earthquakes because regional seismic networks have built up in many seismically active areas (Dreger and Helmberger, 1993; Sileny et al., 1996; Kao, Jian, et al., 1998; Fukuyama and Dreger, 2000; Braunmiller et al., 2002; Kubo et al., 2002; Pondrelli et al., 2002; Stich et al., 2003; Bernardi et al., 2004; Ito et al., 2006; Cambaz and Mutlu, 2016) . With increasingly dense regional networks developing worldwide, near-real-time automatic MT inversion systems are becoming possible, due to the large improvements in data transmission and computational capability that have been developed in the last decade (e.g., Bernardi et al., 2004; Rueda and Mezcua, 2005; Ito et al., 2006; Nakano et al., 2008; Scognamiglio et al., 2009; Lee et al., 2011) . On a regional scale, genuine CMT solutions can be inverted based on local longperiod waveforms, with the centroid position often obtained by grid-search approaches (e.g., Ito et al., 2006; Lee et al., 2014) .
Taiwan, an extremely seismically active area in the western Pacific, was one of the first countries to have a regional MT reporting system. Kao, Jian, et al. (1998) established the MT inversion algorithm using long-period waveforms that were recorded by the local network Broadband Array in Taiwan for Seismology (BATS; see Data and Resources); this was operating under the Institute of Earth Sciences (IES) of Academia Sinica, Taiwan. Since 1995, the Data Management Center (DMC) of IES has routinely inverted and published over 2000 MT solutions for regional earthquakes with M L above 4.0. The MTs released by IES BATS (so-called BATS CMT) have been widely adopted by research communities for further investigations in the Taiwan area on earthquake rupture characteristics (e.g., Huang et al., 2008; Lee et al., 2008) , seismotectonic studies (e.g., Kao, Shen, and Ma, 1998; Kao and Jian, 1999; Kao and Chen, 2000; Lallemand et al., 2001; Angelier et al., 2009; Chen et al., 2009; Huang et al., 2017) , seismic moment magnitudes, and seismic hazard evaluations (e.g., Chen et al., 2008) .
To achieve timely estimates of MTs for Taiwan earthquakes, IES BATS currently performs MT inversion with a set of fixed parameters; it does this after receiving alarms issued by the Central Weather Bureau (CWB) of Taiwan. However, data selection and quality examination on inversion results are still performed manually. Usually, the MT reports can be provided within a few hours. From a different perspective, Lee et al. (2014) developed a real-time MT system that reports the centroid hypocenter location with a 10-km spatial resolution, as well as the corresponding MT, within 2 min; it does this by calculating MTs of a continuous data stream that are recurrently recorded by a fixed subset of BATS stations. The drawback of this state-of-theart system is the requirement of significant computational resources to approach a truly real-time solution that is independent of the CWB report.
No matter which frameworks are chosen, it is unquestionable that the reliability of the MT solution requires the inversion itself to be performed with suitable parameters and settings. In particular, lateral changes in velocity structure are apparent in Taiwan (e.g., Rau and Wu, 1995; Huang et al., 2014) , and a fixed 1D model cannot be perfect for each event analyzed. The MT solutions may be improved by adjusting 1D velocity models for each event-station pair, selecting alternative stations, and trying different frequency bands for each station. In the past, for BATS MT, further fine-tuning was also manually processed Liang et al., 2004) . However, this traditional approach is too tedious and inefficient to satisfy current demand, leading to the desire for a compromise. In addition, it is important to explore how large the variances can be if the solutions are inverted with different parameters or settings.
In Taiwan, reporting MT solutions while satisfying both fast and reliable obligations is a great challenge, due to strong heterogeneity in velocity structures, possible mislocation of off-island earthquakes, and unavoidable long-period background noises for those stations located close to shore or on small islands. In this study, we develop a new automatic approach that will help achieve the goal of retrieving highly reliable regional MT solutions in near-real time for small-tomoderate earthquakes in Taiwan. We are not attempting to fully determine the centroid hypocenters. Instead, we take advantage of the overall efficiently and precisely determined epicenter origins from CWB. Therefore, only the centroid depth and MT of the events are constrained in our MT report. To reduce the manual efforts on searching suitable inversion settings for each earthquake, we determine the final MT solution among the inversion results by systematically exploring various key settings or parameters; these include different frequency bands, station-selection strategies, and 1D velocity models. Then, we can demonstrate the variability of the solutions and discuss which factors are more influential on the MTs for each event. Finally, we provide 20 years of well-determined focal mechanisms for the Taiwan region that exhibit details of tectonic features.
Moment Tensor Inversion and Regional Waveform Data
Linear MT inversion is based upon the representation theorems in which the observed displacement waveforms are the combined effects of the earthquake source and Green's functions (Aki and Richards, 1980) . In principle, Green's functions contain propagation effects in a layered Earth's structure from earthquake to station; in contrast, an MT is a matrix of six independent elements and gives the equivalent radiation of faulting on a point source. In the case of zerovolume change, the third isotropic element is compensated for by the sum of the other two on the diagonal of the matrix (Jost and Herrmann, 1989) , yielding five independent variables to solve. With a properly derived velocity model and quality waveforms, the MT can be directly inverted by minimizing the overall differences between the observed and simulated three-component waveforms in a least-squares sense (Stump and Johnson, 1977 ). The fault parameters are then derived from the double-couple (DC) component of the MT.
In the current CMT inversion algorithm of BATS, Kao, Jian, et al. (1998) used a reflectivity-based method of Yao and Harkrider (1983) to calculate Green's functions. In this study, we employ the frequency-wavenumber integration technique as an alternative that is capable of calculating both static and dynamic surface displacement (Zhu and Rivera, 2002) . For the goodness of waveform fitting in the inversion, we principally follow the definition of a cross-correlated similarity-sensitive misfit function (introduced by Mellman et al., 1975; Kao, Jian, et al., 1998) , which emphasizes the coherence between the observed and synthetic waveforms more than the absolute amplitudes (Wallace et al., 1981) . To further account for the differences in relative amplitude, we adopt the misfit equation for each component as follows:
, in which f i t and g i t are observed and synthetic waveforms in displacement, respectively; f i t max and g i t max are the maximum amplitude of observation and synthetic waveforms, respectively (Kao and Jian, 1999; Huang et al., 2017) . In this study, all broadband waveforms come from BATS, a local network that currently consists of a total of 36 broadband stations in the Taiwan area (Fig. 1, inset ) that have been providing high-quality continuous seismic data since 1996 (Institute of Earth Sciences, Academia Sinica, Taiwan, 1996) . The initial information about each earthquake, including epicenter, focal depth, and origin time, is taken from CWB. To reduce the effects of mislocation errors on inversion results, we only use well-determined hypocenters of earthquakes that have been manually verified by CWB with the quality-checked data. The centroid depth of the MT solution, along with the MT inversion, is estimated using a grid-search approach; this is done as it is in many CMT studies (Dreger and Helmberger, 1993; Zhu and Helmberger, 1996) , as well as the previous BATS inversion (Kao, Jian, et al., 1998) . Here, we perform MT inversion at a 1 km interval for a depth range of 12 km, with respect to the initial focal depth; the centroid depth is determined from the smallest misfit among the 25 solutions.
Although the MT inversion itself is a linearized problem through Green's functions and seismic displacement waveforms, nonuniqueness or large variances of inversion results are common because of nonlinear effects/bias from the different 1D velocity model assumptions for Green's functions, the frequency band used for data processing, and the method of selecting stations. Therefore, our approach is to retrieve stable MT solutions by systematically scanning the solutions from all combinations of station-choosing strategies, varied velocity models, and different frequency bands. The scanning parameters and setting criteria are introduced in the next section.
Automatic Determination of the Optimal MT Solution with Thoroughly Scanned Parameters
To efficiently achieve stable and reliable results for MT inversion, the first important and necessary step is to make sure that manual data selection is avoided before the inversion. In this study, we only consider stations whose average signal-tonoise ratios (SNRs) of three-component waveforms are greater than 2.0 in the desired frequency band (0.01-0.09 Hz). We take 150 s time windows before and after the P arrival to estimate the spectra and calculate average point-by-point SNR with five-point moving time-window smoothing. We exclude stations with epicentral distances smaller than 30 km to reduce the mislocation effect. Because many studies typically use three or more three-component broadband stations for regional MT inversion (Dreger and Helmberger, 1993; Zhu and Helmberger, 1996; Kubo et al., 2002; Pondrelli et al., 2002; Rueda and Mezcua, 2005; Clinton et al., 2006; Ristau, 2008) , we selected a minimum of three to a maximum of seven SNR-qualified stations to start the inversion based on three different criteria: (1) the best azimuthal coverage, (2) the highest SNR, and (3) the shortest epicentral distances. For earthquakes inside a homogeneous network, the most logical and easiest approach for criterion (1) is to divide stations evenly into eight half-quadrants according to azimuth and pick at least one SNR-qualified station in each sector. Unfortunately, this simple method is not appropriate for Taiwan, due to restricted azimuthal coverage in most cases; the majority of earthquakes occur near the coast and eastern offshore region. To accommodate this natural condition, we retain the stations at the minimum and maximum azimuth, and use these two azimuths as boundaries to divide the remaining stations into three even sectors. Then, we pick one to three stations randomly in each sector so that criterion (1) is fulfilled. For criteria (2) and (3), stations are chosen solely according to their mean SNR and epicentral distances.
It is normally expected that better azimuthal coverage improves reliability of MT solutions. The problem of selecting stations solely based on azimuthal coverage in the Taiwan area is that the selected stations near the coast or on small islands are occasionally contaminated by long-period ambient noises, even though the average SNR might be slightly better than threshold value. Criteria (2) and (3) not only provide other possible choices of stations, but the consistencies among resulting solutions can further ensure the MT solutions are insignificantly biased by those stations with notable noises near the shore or at far distances. The quality (SNR) of regional waveforms is usually site dependent and unrelated to epicentral distances; therefore, the three different criteria are complementary.
Once stations are selected, we perform the inversions with different parameter settings. To accommodate the velocity variations in the Taiwan region and to improve the stability of inversion with the longest possible periods, we apply three different frequency bands and four velocity models for all selected stations in the inversions. For each earthquake, three consecutive passbands are applied from the following five standard frequency ranges: 0.01-0.04 Hz (25-100 s), 0.02-0.06 Hz (16-50 s), 0.03-0.08 Hz (12-33 s), 0.04-0.09 Hz (10-25 s), and 0.05-0.15 Hz (7-20 s). The choice depends on the local magnitude reported by CWB. For earthquakes with a local magnitude above 5, within 3.5-5, and below 3.5, the lowest corner frequency starts from 0.01, 0.02, and 0.03 Hz, respectively.
For the velocity models, it is unrealistic to create a highresolution 1D velocity model that reflects all the path effects for each event-station pair because the seismic waves usually travel through distinct structures in Taiwan (especially along the east-west direction). Considering that the waveforms for MT inversion have been filtered for relatively long periods, we start with a simple three-layer model averaged from a 3D tomography model of Taiwan (Rau and Wu, 1995) as a reference. This model, whose Moho depth is set at 40 km, has been used for 20 years by the current BATS MT inversion, and simulations in waveforms are reasonable in terms of fitness (Kao, Jian, et al., 1998; Jian, 1999, 2001; Kao and Chen, 2000; Kao et al., 2002; Liang et al., 2004) . Then, we further consider the effect of regional variations of Moho depths from 20 to 50 km under different geologic units that were revealed by receiver function and tomography studies (Wang et al., 2010; Kuo-Chen et al., 2012; Huang et al., 2014) . Because deeper than 20 km into the ground, the dominant periods used are more sensitive to structure than they are in the shallow crust within 10 km of the surface (Dahlen and Tromp, 1998) , we create a series of velocity models by changing the Moho at five different depths ranging from 25 to 45 km with intervals of 5 km. Each candidate potentially represents the average/pseudo structure under the paths covered by the event.
Moho depths between 30 and 45 km are used for inland earthquakes, whereas a shallower range from 25 to 40 km is considered for offshore cases. After carefully examining the inversion results, we confirmed that trying different Moho depth models can effectively reduce misfit and the compensated linear vector dipole (CLVD) component. Following Dreger (2003), we allow Green's functions to shift by 2 s for each station to lower the misfit, due to the possible mislocation and the flaws in the velocity model. For fast MT inversion, the Green's functions of each 1D model were precalculated and stored in the databases with a 1-km grid size in distance and focal depth.
For a more realistic simulation of synthetic waveforms, we assigned 0.5, 1.0, and 2.0 s as durations of the source time function for earthquakes with magnitudes in the following categories: smaller than 4, between 4 and 6, and above 6, respectively. Because events associated with volcanic activities have been reported in the Okinawa trough in northeast Taiwan (Lin et al., 2007) , our newly developed MT inversion method includes three different isotropic conditions: free-constrained, limited (≤ 10%), and zero isotropic components. For the freeconstrained or zero isotropic component, we simply invert either six or five independent elements of the MT. For limited isotropic constrained inversion, we compose a weighting vector inside the kernel matrix, in which the sum of three isotropic elements equals 0, as shown in the following form:
The inversion is performed iteratively with an initial weighting factor (w) 1; it is then adjusted by increments of 1 until the isotropic component of the MT is reduced to 10% or lower. The AutoBATS MT inversion starts with auto picking of the first P arrivals for each station (Allen, 1978) . The system then performs all inversion processes concurrently with the different combinations of settings/parameters previously mentioned, using the GNU parallel tool (Tange, 2011) . Among those inversion results, the one with the minimum misfit and applicable non-double-couple (non-DC) component is reported as the final/preferred MT solution (see Table 1 for classifications). Generally, we expect both the CLVD and isotropic components of the tensor to be low for small-to moderate-size tectonic earthquakes associated with shear faulting and relatively uncomplicated ruptures. According to Kagan (2002) , an additional non-DC component can be introduced, due to the data contamination of background noises, an oversimplified velocity model, or the mislocation of earthquakes; therefore, we set up rigorous criteria for non-DC. Only solutions with an isotropic component ≤ 20%, CLVD ≤ 30%, and non-DC ≤ 40% are accepted for reporting. For each resultant MT solution, we assign a quality factor according to the waveform misfit and non-DC component (Table 1) . Although the MT solutions with limited non-DC components were reported, the AutoBATS parameter-scanning algorithm is capable of searching for the nontectonic seismic events if the non-DC criterion is removed.
In this study, we applied the procedure of AutoBATS MT inversion to determine a total of 3058 solutions for earthquakes that took place between May 1996 and April 2016 in the Taiwan region and had an M L greater than 3.5 (Fig. 1) .
Figures 2 and 3 demonstrate how well the focal mechanisms are constrained by the AutoBATS inversion for a shallow earthquake (M L 4.9) inland and another intermediate-depth event (M L 6.7) offshore, respectively. In each event, the best solution of focal mechanism and the corresponding stations used are highlighted (Figs. 2a, and 3a) . Inversion results from different combined settings (such as Moho depth of models, frequency bands, and centroid depths) are directly compared in terms of their misfits and non-DC components. For the 25 May 2015 inland earthquake, the distribution of misfit and non-DC contours shows that filtering at a lower frequency band (0.02-0.06 Hz) and a model with a deeper Moho of 40 km yields the smallest misfit for this normalfaulting event with a centroid depth of 10 km (Fig. 2b) . Most inverted tensors are close to pure normal faulting, as indicated by the triangle diagram of focal mechanism (Fig. 2d) . The triangle diagram, developed by Frohlich (2001) , is an effective way to demonstrate the fault-type partitioning and the frequency distribution of the focal mechanisms from the inversion results of all tested parameters. Figure 2e goes further and provides us with the distribution of the Kagan angles (Kagan, 2003) , which will hereafter be referred to as the K-angle; this is the smallest 3D rotation angle measured between the best focal mechanism and other solutions. It can be shown that the differences between solutions are more sensitive to the focal depths than the frequency band or velocity model for this earthquake. The overall small misfit is also evident by the excellent agreements between the observed and synthetic waveforms calculated from the final solutions (Fig. 2c) . The uncertainties of moment magnitude, focal depth, and CLVD component are assessed through the standard deviation (st.dev.) from all scanned resultant inversions. This example reveals that the non-DC component of the low misfit (< 0:4) solutions can vary significantly with Moho depth and frequency band (Fig. 2b) . The variability of solutions also confirms the necessity of scanning various settings while performing a regional MT inversion. Figure 3 shows the result of an intermediate-depth earthquake that occurred in the offshore area of northeast Taiwan on 10 December 2014. This earthquake was excluded in the previous BATS MT catalog because the original depth reported by CWB exceeds the BATS MT calculation range. Our new AutoBATS inversion can provide more constraints to the subduction zone earthquakes. Unlike the shallow event shown in Figure 2 , the misfit, non-DC component, and Kangle of this mid-focus offshore earthquake are relatively insensitive to velocity model, frequency bands, and focal depth; this results in highly coherent focal mechanisms and less varied misfits (Fig. 3) . Because this earthquake is large in magnitude (M w 6.0), filtering at a lower frequency band produces a smaller misfit than otherwise would be expected (Fig. 3d) . Although the azimuthal coverage of stations is restricted to one quadrant, our MT solution and centroid depth estimation are both highly consistent with the solution from Global CMT (Ekström et al., 2012) . For intermediate-depth earthquakes, the centroid depths are sometimes more difficult to resolve within our 12 km scanning depth range because the misfit values are comparably small (Fig. 3b) . In addition to a reliable initial location from the CWB catalog, it is always recommended to consider other independent constraints, such as the depth phases pP and sP observed at teleseismic distance, to further confirm the actual depth of the event.
The AutoBATS MT inversion scheme shows superior capability for determining focal mechanisms. This study successfully resolved 3058 MTs (about 56%) out of 5500 CWBreported earthquakes with acceptable data quality. Moreover, among these MT solutions, 87% have misfit values smaller than 0.7 (above category C in quality), and 99% have non-DC below 30% (above class 4). Some resolved earthquakes are as small as M w 3.0 (Fig. 4a) . With the new AutoBATS catalog, we can further investigate whether the mean misfit, value of the CLVD component, and consistency of MT solutions (as described by the K-angle) are related to the earthquake magnitudes. Figure 4b shows that as the moment magnitude increases from 3.5 to 5.6, the average misfit decreases from 0.7 to 0.4. This can be simply explained by the higher data quality against background noise for larger events. For earthquakes with M w ≥ 5:6, the average misfit increases again. This phenomenon may relate to the complexity of earthquake rupture, which often involves source directivity and multiple fault segments with different slip vectors, particularly in the cases of large events. Waveforms excited by complex source ruptures cannot be well simulated by a single focal mechanism, and so larger misfits may exist. In this case, the results of MT inversion represent the overall effect of averaged rupture for the earthquakes. Like the features observed for misfit, the mean K-angle shows almost exactly the same trend; the values first decrease and then increase with magnitude (Fig. 4b) . The similarity between mean misfit and K-angle suggests that the stability and consistency of MT inversion results are mainly affected by the waveform quality for small-medium earthquakes and rupture complexity for larger earthquakes.
Contrarily, the mean CLVD appears to be a constantindependent of the magnitude of events (see Fig. 4c ). This phenomenon agrees with Kagan (2002) , who concluded that CLVDs are usually caused by artificial effects, except for well-examined events. As already demonstrated in Figure 2b , the CLVD component of a shallow earthquake is easily affected by different inversion settings. For Taiwan earthquakes, we believe that the strong heterogeneity in tectonic structures and the long-period ambient noises for some stations are mostly responsible for the observed high CLVDs. The lower limit of the average K-angle or CLVD (defined by mean value minus a st.dev.) for each M w bin is reflective of the overall consistent MTs or small CLVDs among all scanning settings that is characteristic of those earthquakes. On the other hand, the upper bound (mean value plus a st.dev.) reveals that the MT solutions are tremendously affected by different inversion settings. Again, the deviations (error bars) of the average K-angle and CLVD highlight the importance and necessity of probing the best solutions through comprehensive scanning on different inversion settings or parameters.
Comparisons and Discussions

Consistency between Global CMT and AutoBATS MT Solutions
It is essential to evaluate the stability of our AutoBATS MT results by comparing the solutions with those in the Global CMT catalog, which is considered the most complete and reliable CMT database for earthquakes with magnitudes above ∼5:5 that have taken place since 1976 (Dziewonski et al., 1981; Ekström et al., 2012) . We focus on the consistencies in MTs and centroid depths. Because the CMT inversion results can be significantly influenced by mislocation and focal depth, we consider the focal mechanisms only for the matched events (based on original time) that are reasonably close to each other. First, we evaluate how close is close enough for an event pair. The histogram in Figure 5a indicates that the differences in epicenter locations for most matched event pairs are smaller than 20 km, and the mean difference measured from all 200 pairs is 15:7 12:9 km. further confirms that the centroid depths reported in Auto-BATS and Global CMT are consistent with each other when their locations are close. However, the discrepancy in centroid depth (Δdepth d ABATS − d GlobalCMT ) and their standard deviation tends to grow much larger when the epicenter locations differ by 30 km. Therefore, we use 28.6 km (the mean distance plus one st.dev.) as the distance cutoff and compare the MT solutions for pairs with an epicenter difference shorter than this value. There are 176 event pairs satisfying this criterion, and their MT solutions are further compared (Figs. 5c and 6).
Overall, more than 80% of the matched event pairs have K-angles smaller than 30°with a mean of 22:0° 16:6° (   Fig. 5c) . The remarkable consistencies between AutoBATS and Global CMT are also evidenced by the small difference in centroid depth (Δdepth) of −2:8 9:8 km. We further investigate their correlations with magnitude, depth, and geographic locations (Fig. 6) . Apparently, most matched events are located in the ocean (Fig. 6a) . The relationship between the K-angle and M w demonstrates that larger earthquakes tend to have smaller differences in MT solutions, meaning more consistency between the two catalogs (Fig. 6b) . The largest discrepancy in K-angle appears in the group with the smallest magnitude 4.4-4.6 (only six events). This is probably because teleseismic long-period records suffer more from the background noise for small earthquakes (M w ≤ 4:6) in Global CMT. The negative mean Δdepthd ABATS − d GlobalCMT indicates that Global CMT tends to obtain deeper centroid depths when compared with AutoBATS solutions (Fig. 6c) . The MT solutions can differ quite a bit (K-angle > 60°) when focal depths are poorly constrained (as is the case in Fig. 2 ), especially for those located farther offshore from Taiwan and with poorer azimuthal coverage (Fig. 6a,c) . Except for the two events with focal depth differences exceeding 40 km, all other pairs from the two catalogs seem reasonably consistent for the focal mechanisms (i.e., smaller K-angles), particularly when Δdepth is negative (Fig. 6c) .
Statistically speaking, our AutoBATS MT solutions for M w > 4:6 earthquakes agree well with the Global CMT reports. The comparison results reveal several key reasons for differences and help identify advantages/disadvantages of AutoBATS. First, the azimuthal coverage of local BATS is quite limited for earthquakes in the ocean far offshore from Taiwan. Under this condition, Global CMT can perform better than AutoBATS, as long as the earthquakes are large enough for quality recordings at global seismic distances; this is because events that could potentially come with large errors in hypocenters have been excluded in the comparison. For earthquakes in inland Taiwan, the regional MT inversion of AutoBATS can provide greater opportunities to solve reliable MT solutions. Second, the velocity models used are different. The global velocity model used by Global CMT for all earthquakes worldwide is more suitable for fitting very long-period teleseismic waveforms (above 40 s) of large earthquakes, which may not be ideal for the accurate determination of focal depth for moderate earthquakes (Dziewonski et al., 1981; Ekström et al., 2012) . For regional MT inversion, although the heterogeneity of the velocity structure under the array is challenging, the accuracy can be improved in our AutoBATS MT inversion by exploring different Moho depths of the velocity models and grid-searching suitable focal depths. Third, different frequency bands used for Global CMT and AutoBATS MT inversions are likely to yield systematic variance of focal mechanisms and centroid depths between the two catalogs. The appropriate frequency range for regional CMT inversion is around 10-50 s, but longer periods (above 45 s) are more typical for global studies. Kagan (2003) studied the difference between two global CMT catalogs (Global CMT and NEIC MT), and the resulting average K-angle was 25:3° 16:5°; this was based on 1385 earthquakes with magnitudes greater than or equal to 6. This value is comparable with our mean difference for Taiwan (22:0° 16:6°), suggesting that the AutoBATS MT inversion scheme developed in this study has the ability to retrieve reliable MT results. When more event pairs are accumulated, we can perform similar analyses on CLVD and focal depth, as in Kagan (2003) ; this will help us to fully evaluate the effects of mislocations on the focal mechanisms determined from AutoBATS and Global CMT catalogs.
Comparisons between the Original BATS and New AutoBATS MT Solutions
There are 1176 event pairs that have been matched from the original BATS and the new AutoBATS MT catalogs. Because both catalogs are based on the same local seismic network data and similar simple three-layer velocity models, we expect the results to be more consistent than those from AutoBATS versus Global CMT. To our surprise, the mean K-angle (31:4° 22:3°) was considerably higher, although the mean Δdepth ABATS−BATS (−1:8 8:7 km) was reduced by 1 km with a comparable st.dev. relative to Δdepth ABATS−GlobalCMT . Large discrepancies in K-angles were found in northeast and southeast offshore areas, where the Ryukyu subduction zone tends to have a relatively deeper centroid depth for AutoBATS, but the opposite situation exists beneath the Luzon Arc (Fig. 7a) . Some earthquakes in the Central Mountain Range also showed prominent K-angle differences. Unlike those events offshore, their Δdepth ABATS−BATS were generally small and slightly negative (BATS deeper than AutoBATS). We believe that this is because focal depths shallower than 10 km are not resolvable, and a fixed velocity model was used in the previous BATS inversion. Figure 7b shows that the K-angle basically remains constant (around 30°) until M w 5.0; then, it gradually decreases to 20°as the magnitude increases to a M w value around 6. The exceptions occur at extreme magnitudes; it is probably a result of higher noise levels for small events and complex ruptures for large events. Another important finding involves the strong dependency of the mean K-angle on the differences of centroid depth measured from BATS and AutoBATS MT catalogs. Figure 7c reveals a positive correlation between the mean K-angle and the depth differences. This pattern is appreciably different from Figure 6c for the comparisons between AutoBATS and Global CMT, which proves again the strong dependency of MTs on focal depth for regional MT inversion. Overall, the centroid depths from the AutoBATS MT catalog are more consistent with the relocated focal depth in the CWB catalog, as indicated by the mean and st.dev. of differential depth (jΔdepth ABATS−CWB j 2:6 6:9 vs. jΔdepth BATS−CWB j 4:4 8:4).
We notice that there is no event with a centroid depth shallower than 10 km in the original BATS catalogs. After careful inspections and one-to-one comparisons on several shallow earthquakes, we believe the limited resolution on depth in the current BATS catalog is caused by insufficient resolution of the Green's function calculation algorithm or the inversion process itself. In contrast, the new AutoBATS MT inversion is able to resolve centroid depth in the shallow crust without problems. In addition to the improvements on the focal depths, our new AutoBATS MT solutions are also relatively consistent with Global CMT. This is clearly supported by larger K-angle BATS−GlobalCMT (27:4° 18:9°from 204 event pairs), compared with K-angle ABATS−GlobalCMT (22:0° 16:6°from 176 pairs).
The BATS data center used to release the so-called final MT solutions (FCMTs of BATS), which were obtained by fine-tuning the inversion settings manually after relocated earthquake bulletins of CWB were available (Kao and Jian, 1999; . Because of the restriction on human resources, starting from November 2006, BATS only reports quick MT solutions (QCMTs) based on CWB's preliminary epicenters, a fixed frequency band (0.03-0.08 Hz), and a three-layer velocity model with Moho depth at 40 km. We divide BATS CMTs into two subsets, FCMTs and QCMTs, and compare them separately with AutoBATS MT solutions. By excluding those shallow events that might have the depth problems mentioned in the previous paragraph, we find that the mean K-angle FCMT−ABATS (33:8° 25:0°) is apparently larger than K-angle QCMT−ABATS (24:4° 15:6°). Even though time-consuming efforts had been made to manually adjust the MT inversion parameters or settings, the greater deviation of FCMTs solutions from AutoBATS implies that the quality of inversion results strongly relies on the experi- ences of operators who produced FCMTs, as well as how many settings or parameters have been tried thoroughly for the MT inversion. It also supports the assertion that a comprehensive scanning is necessary and an effective way to produce a reliable MT catalog.
Moment Magnitude and Local Magnitude Relationship for Taiwan
It has been noted that the moment magnitude is usually underestimated for earthquakes determined from regional seismic networks when compared to those obtained from global studies Gasperini et al., 2012) . Gasperini et al. (2012) found the mean difference of estimated M w to be negligibly small (only about 0.027) for earthquakes in the European-Mediterranean area. For the Taiwan region, Chen et al. (2008) compared the M w of BATS MT/CMT catalog with Global CMT for 79 event pairs and found a significantly large mean offset of about 0.3. They proposed that the underestimation of M w by BATS was caused by insufficient low-frequency signals used in the regional MT inversion. This issue does not exist in our new AutoBATS MTs because the mean offset of M w between the AutoBATS MT and Global CMT catalogs is very small (−0:08 0:10). Accordingly, the reasoning suggested by Chen et al. (2008) can be ruled out. Compared with our AutoBATS MTs, the M w from BATS is indeed smaller by 0:15 0:18 on average, similar to the value recently reported by another regional MT study in Taiwan .
We further investigate whether the M w differences between AutoBATS and Global CMT have any relationship to the sizes of earthquakes. In Figure 8a , regression from all event pairs shows a straight line with positive slope, defined by the equation Δm a 1 m − m c a 0 . In this equation, m is the M w from the AutoBATS; m c is the minimum M w of the compared event pairs from AutoBATS; Δm is the ABATSGlobal CMT magnitude difference; and a 1 and a 0 are the slope and bias terms. When the regression coefficients a 0 and a 1 are close to zero, the differences in magnitude are likely caused by random errors rather than systematic errors (Kagan, 2003) . This is indeed the case (a 1 −0:017 and a 0 0:002) for the M w comparison between Global CMT and USGS-MT catalogs, whereas a systematic bias (a 0 0:280) and dependence of magnitude (a 1 0:141) between M w (from Global CMT) and M b (from Preliminary Determination of Epicenter) are predictable (Kagan, 2003) . Compared with our AutoBATS to Global CMT catalogs, the minor bias term (a 0 0:14), along with the small mean M w offset (−0:080 0:10), shows that the underestimations on M w in the AutoBATS catalog are negligible. The small slope (a 1 0:063) also indicates that the difference in M w between AutoBATS and Global CMT is not significantly related to magnitude. Hanks and Boore (1984) used earthquakes in California to demonstrate that, in principle, the M L is equivalent to M w for the magnitude range from 3 to 5. However, deviation from the 1:1 relation between M w and M L is commonly observed in other regions (Hanks and Boore, 1984; Deichmann, 2006) . If the relation can be described by M w aM L b, the results usually vary widely depending on the geographical region (frequency-dependent attenuation), focal depth (Ristau, 2009) , magnitude range, formulations of the empirical distance correction used for calculating M L (e.g., Shin, 1993; Ristau et al., 2003) , and the algorithm for deriving M w (Bethmann et al., 2011) . Over-or underestimating M L can seriously influence the calculation of magnitude recurrence relations (b-values), which are related to seismic hazard. With many reliably estimated M w from the AutoBATS MT catalog, we determine a new linear regression relation of seismic moment and local magnitude for the Taiwan area. As Figure 8b shows, M w and M L are correlated linearly for a large range of magnitudes from M L 3.5 to 7. Because data with quality level D are dominant in small events and relatively scattered, we use qualities A-C (total of 2667 pairs) to estimate the relationship: M wABATS 0:87M LCWB 0:23 (or equivalently M LCWB 1:01M wABATS 0:28). The result is comparable with M LCWB 1:05M w 0:25, which was estimated using 3 years of real-time CMTs . Basically, an earthquake reported with M L 7.0 would correspond to a much smaller M w of only about 6.3. The size of moment and local magnitudes are more comparable for small events. Based on the properties of scaling relations modeled in Switzerland (Edwards et al., 2010) , we speculate that the increase of M w -M L differences with respect to magnitude is controlled by attenuation, and the continuation of linearity to magnitude 6 implies stress drop at the order of 10 MPa or more. The high stress drop is consistent with the reported values for major earthquakes in Taiwan (Huang et al., 2001; Yen and Ma, 2011) . Our data set includes both collision and subduction zones covering inland and offshore Taiwan. Regional variation is expected. To understand the first-order changes in property, we attempt to calculate two separate regressions for 2396 shallower (depth ≤ 40 km) and 271 deeper (depth > 40 km) events with a quality above C. Then, we find their differences are minor: M w 0:90M L 0:13 (or M L 0:97M w 0:38) for shallow versus M w 0:87M L 0:11 (or M L 1:03M w 0:40) for deep. High-quality data for offshore deep events in the subduction zones are yet to be accumulated for better estimates of M L -M w relations; the structure dependency should be further investigated in future research.
Seismotectonic Features Revealed by AutoBATS MTs
A complete well-constrained regional MT/CMT catalog is the key to understanding the relation of regional tectonic stress and strain Zhu et al., 2006; Hsu et al., 2009; Martín et al., 2015; Tseng et al., 2016; Huang et al., 2017) . In Figure 9 , we highlight two profiles with cross sections of the background seismicity from CWB and focal mechanisms determined from AutoBATS. The profile AA′ cuts through the Ryukyu subduction zone northeast of Taiwan (Fig. 1) . The cross section clearly delineates the Wadati-Benioff Zone (WBZ) of the northward subducting Philippine Sea plate underneath the Eurasian plate, down to a depth of around 300 km (Fig. 9a) . In the past, the focal mechanisms of intermediate-depth earthquakes near Taiwan have mostly been constrained from teleseismic studies for large events only (Kao, Shen, and Ma, 1998; . Based on regional data, our new AutoBATS MT catalog provides many solutions that are reasonably robust; the catalog has the potential to reveal details of features in the subduction zones (Fig. 9) , although the sensitivity in focal depth is somewhat less than ideal due to the simple half-space model below Moho (Fig. 3) . The cross section reveals that shallow normal-faulting events are dominant under the Okinawa trough north of the Ryukyu trench. It is remarkable to see the continuation of the focal mechanisms determined from shallow to intermediate-focus earthquakes, which can be used to understand the stress along the subducting slab. Figure 9b shows another cross section in the northwestsoutheast direction; the cross section passes through the Tainan basin, southern Central Mountain Range, southernmost Longitudinal Valley, and Luzon Arc on the Pacific Ocean. We can identify those mid-crust events (including the 2010 Jiashian and the 2016 Meinong M w 6+ earthquakes) at a depth ∼20 km near the Western Foothills of Taiwan. The focal mechanisms are consistent with former studies (Huang et al., 2011; Lee et al., 2016; Kanamori et al., 2017) . A cluster of normal-faulting events is also clearly observed at shallow depths (< 10 km) near the southern range of the Central Mountains. In the eastern end of the profile, the background seismicity depicts the subduction to a depth of ∼200 km. Compared with the Ryukyu subduction zone in Figure 9a , the resolvable focal mechanisms here are far fewer; this is mainly because the earthquake activity is weaker. However, overall, the WBZ is clear, and the pattern of focal mechanisms is similar to the pattern found in the study of . There seems to be another group of earthquakes near the eastern end of BB′ slightly dipping east under the Pacific to a depth of ∼40 km in the mantle, which has not been observed before.
Conclusions
In this study, we presented a new automatic regional MT inversion algorithm, which we applied to determine over 3000 CMT solutions for seismic events that took place between May 1996 and April 2016 in the Taiwan area. The final focal mechanism of each earthquake was chosen from all the results with scanned settings including three stationselection groups, four velocity models, three frequency bands, and three isotropic component constrained strategies. Both the focal mechanism and moment magnitude from AutoBATS show better consistency with Global CMT solutions than the current BATS catalog. Compared with the current BATS catalog, the AutoBATS also advances remarkably in the capability of resolving the focal mechanisms for earthquakes at a broader depth range (from 1 to 300 km). The fast and reliable AutoBATS inversion system is now implemented in the DMC of IES (DMC-IES). Once triggered by the CWB's earthquake alarm system, it only takes a short time (as short as 2 min) for the AutoBATS to publish an MT solution automatically on the Taiwan Earthquake Scientific Information System (Liang et al., 2017 ) (TESIS; see Data and Resources). The DMC-IES also updates the final MT solutions monthly, with CWB providing the relocated earthquake catalog. The updated AutoBATS solutions will be online soon on the BATS website (see Data and Resources). The real-time triggered AutoBATS inversion algorithm, along with the earthquake alarm system from CWB, delivers fast and reliable basic earthquake information, including epicenter location, focal mechanism, and moment magnitude. The reliable AutoBATS MT catalog with relocated hypocenters can be used to improve our understanding of the seismotectonic background, seismic hazard, and regional stresses for the Taiwan area.
Data and Resources
The waveform data are provided by the Data Management Center of Broadband Array in Taiwan for Seismology (Institute of Earth Sciences, Academia Sinica, Taiwan, 1996) at http://bats.earth.sinica.edu.tw (last accessed October 2016). The relocated hypocenters were retrieved from the Geophysical Database Management System of Central Weather Bureau of Taiwan via http://gdms.cwb.gov.tw/index .php (last accessed October 2016). Moment tensor (MT) solutions of AutoBATS are available at the website of the Taiwan Earthquake Scientific Information System (http:// tesis.earth.sinica.edu.tw). Software packages Seismic Analysis Code (SAC) and Generic Mapping Tools (GMT) were used for processing signals and plotting figures, respectively.
